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Group metacognition is essential for effective collaboration. However, existing research mainly focuses on individual metacognition in collaborative learning, and some studies focused on interpersonal metacognition. The understanding of group metacognition is limited. Less attention has been paid to how multilevel metacognition, including individual metacognition, interpersonal metacognition, and group metacognition, functions. There is also less research on whether group metacognition influences collaborative learning through other levels of metacognition. To investigate the emergence of multilevel metacognition among learners with varying achievement and its effects on group performance and regulation patterns, this study employed both traditional and process analyses to examine how the distribution and interactions of multilevel metacognition influence group performance and group regulation. The study revealed that in collaborative learning, group metacognition exerts the most significant influence on group performance compared to other metacognitive levels, such as individual metacognition and interpersonal metacognition. Specifically, the study identified three collaborative achievement categories by judging the degree of collaborative benefit based on individual preparation and group performance: H_T category, EF category and L_T category. The H_T and EF categories performed better and developed more group metacognition, while the L_T category exhibited poorer performance and less group metacognition. The study highlights the role of other levels of metacognition in forming group metacognition, with multilevel metacognitive interactions elucidating the mechanisms of group metacognition. These insights provide practical insights for multilevel metacognition and offers guidance for collaborative learning interventions, particularly those targeting group metacognition.

Keywords
 multilevel metacognition; group metacognition; individual metacognition; interpersonal metacognition; collaborative learning


1 Introduction

Collaborative learning promotes active learner engagement through social interactions and fosters high-level awareness, better control of the learning process, and positive interdependence and responsibility connections among learners (Tang et al., 2022). However, achieving efficient collaboration requires high-quality participatory interactions among group members to manage the dynamic nature of groups and foster effective collaboration (Badhe et al., 2023). Metacognitive interactions during group processes play a pivotal role in effective collaboration (Bakhtiar and Hadwin, 2020). Metacognitive interaction is the process by which groups in collaborative learning monitor and regulate their learning processes, including setting goals, planning, monitoring, and evaluating (Molenaar et al., 2011). Metacognitive interaction involves multiple levels of metacognition: individual, interpersonal, and group. Individual Metacognition (IM) refers to the process by which individuals monitor and regulate their cognitive activities to improve their collaborative participation. Interpersonal metacognition (IPM) encompasses the sharing of metacognitive strategies among members, along with providing mutual support to facilitate group learning. Group metacognition (GM) entails the collective monitoring and regulation of cognitive processes within the group. Influenced by the social environment, metacognition during group interactions gradually evolves from the individual level to the interpersonal level and, ultimately, to the group level (Iiskala et al., 2021; Waller et al., 2021). There is a pressing need to explore metacognitive interaction from a multilevel perspective to understand how groups collaborate for learning success. However, existing studies have primarily explored metacognitive interactions by focusing on level-specific metacognition, such as IM development, the effectiveness of collaborative learning through IPM (Briñol and DeMarree, 2012) or the level and impact of GM (Biasutti and Frate, 2018). Research on level-specific metacognition has concentrated on IM, with little attention given to GM. However, research on metacognition in collaborative learning has shifted focus from the individual to the group, recognizing GM as a key component of successful collaboration (Rapchak, 2018). More researchers are advocating for increased exploration of GM (Biasutti and Frate, 2018; Liu et al., 2023). Moreover, studies have demonstrated positive effects of metacognition across different levels (Kim and Moore, 2019; Socratous and Ioannou, 2022). However, the interaction between different levels has not been comprehensively explored. Research on how to develop GM is still in the early stages. Researchers need to explore the role of individuals in groups by identifying different levels of metacognition and revealing how GM influences the process and performance of collaborative learning. Furthermore, metacognitive interaction in collaborative learning unfolds sequentially as a temporal process. Sequentiality refers to when behaviors occur and how they interact with each other over time. Sequential methods and stochastic views of sequences are well suited for conversational analysis, enabling the exploration of temporality and enhancing the understanding of group processes (Saqr and López-Pernas, 2023). Sequential analyses of metacognitive interaction processes, particularly how multilevel metacognition interacts, contribute to a deeper understanding of group regulation (Iiskala et al., 2021). However, only a few studies have focused on the temporal and sequential aspects of metacognitive interaction (Su et al., 2018; Zheng et al., 2023). There is a need for comprehensive exploration of how multilevel metacognition, IM, IPM, and GM, change over time during collaborative interactions, influencing group regulation and group performance. Group regulation refers to the patterns formed through the interactions of various levels of metacognition within the group, while group performance represents the collective learning outcomes resulting from these interactions. Therefore, based on statistical analysis, this study proposes a fusion sequence analysis approach (sequence analysis fused with sequence mining) to investigate the multilevel characteristics of metacognitive interactions. The objective is to determine how group learners form GM through IM and IPM to explain effective collaboration.


1.1 Cooccurrence of multilevel metacognition in the collaborative learning group


1.1.1 Multilevel metacognition in group process collaborative learning

The level of participation and impact of metacognitive activities within a group depend on members’ subsequent metacognitive contributions after the initial trigger and their influence on the group in collaboration. This illustrates how members within a group, among themselves, and as a whole regulate their metacognition to achieve common goals, forming the basic process of metacognitive interaction. This highlights the multilevel nature of metacognitive interaction, blending individual tendencies and group influence (Kelly, 2018; Waller et al., 2021), involving individuals in the group and the group as social entities. Metacognition in collaborative learning can be divided into three levels based on the participants and actors involved in metacognitive interaction: IM, IPM, and GM (Thompson and Cohen, 2012; Iiskala et al., 2021).

IM focuses on how individuals monitor and control their cognitive processes, such as task understanding, planning, monitoring, evaluation, and reflection (Meijer et al., 2006). In metacognitive interactions, learners externalize IM by sharing their thoughts and selection strategies for collaborative tasks. The participants and influencers in this process were all individual learners. Research has shown that more successful individuals exhibit more metacognitive processes in collaborative learning, and learners with higher levels of metacognition may guide metacognitive interaction (Smith and Mancy, 2018). While the role and developmental changes in IM are the main focus of relevant research, it is also important to explore how individuals impact groups and promote collaboration.

IPM, dominated by individuals, focuses on how individuals monitor and control the cognition of group members (Molenaar et al., 2014) without being constrained by group goals (Tang et al., 2022). The participants were individuals within the group, while the influencers were group members. This concept emphasizes the awareness and regulation of others’ thinking for learning purposes (Stanton et al., 2021), which can help individuals better understand and adapt to social interaction environments. By stimulating each other’s metacognitive processes (Halmo et al., 2022), effective collaboration among learners can be promoted. Studies have demonstrated the interconnectedness of the IM and IPM (Haataja et al., 2022a,b; Kelly, 2018; Smith and Mancy, 2018). However, effective collaboration within a group is contingent upon these interpersonal influences being aligned with common goals. Without such alignment, the impact on group-level collaboration might be minimal (Hurme et al., 2015).

GM views a group as a whole, focusing on how the group monitors and regulates collective cognition to ensure its accuracy and enhance group decision-making ability. Both the participants and influencers are the group. GM can be seen as an extension of learner metacognition in interpersonal interactions (Socratous and Ioannou, 2019). The early concept of GM was similar to social metacognition, emphasizing group members’ cognition and regulation. Currently, GM stresses its cognitive and regulatory role in group cognition following metacognitive interactions focused on individuals (Siegel, 2012). When interpersonal shared cognitions are considered group primary thoughts, learners can recognize and regulate these shared thoughts at the group level (Briñol and DeMarree, 2012). GM ensures the achievement of collaborative goals and improves the quality of group decision-making and the efficiency of group tasks.



1.1.2 Cooccurrence of multilevel metacognition

IM, IPM, and GM coexist in interactions (Hurme et al., 2015; Molenaar et al., 2014). Studies increasingly emphasize the importance of the GM. For instance, Haataja et al. reported a positive correlation between metacognitive interaction and group performance, highlighting the significance of metacognitive interaction and individual monitoring in relation to achievement (Haataja et al., 2022a). Additionally, Huang et al. found that IM has a limited impact on group performance in online collaborative learning, emphasizing the need for more attention to GM (Huang et al., 2021). Iiskala et al. (2011) revealed the interconnection between the IM and the GM, a relationship that deserves further investigation. Molenaar et al. explored the relationship between different types of social metacognitive interactions and learners’ metacognitive knowledge, emphasizing the importance of distinguishing levels of metacognitive interaction in groups (Molenaar et al., 2014). Furthermore, exploring how the IM can be extended to the GM is necessary (Huang et al., 2021; Iiskala et al., 2011; Socratous and Ioannou, 2022). A comprehensive examination of how different levels of metacognition interact to support the development of the GM is necessary (Halmo et al., 2022). Moreover, understanding the metacognitive interaction of complex groups through technology deserves attention (Järvelä et al., 2021). Empirical research on the relationship between GM and learners’ performance is still limited (Haataja et al., 2022a) but may offer insights into how metacognitive interaction affects group performance.




1.2 The role of group metacognition in collaborative learning

Emphasizing GM in collaborative learning allows researchers to focus on interactions between members and purposeful group coordination (Kwon et al., 2013). Specifically, a group member’s metacognition contributes to discussing how to handle group tasks, activating the group metacognitive process. When other members recognize the similarities of their metacognition and further develop this information, GM begins to develop. Subsequently, when this information impacts a group’s direction or outcome, the GM plays a pivotal role (Hurme et al., 2009). In collaboration, the GM promotes the continuation of proper cognitive processes or prevents collective cognition from developing in the opposite direction (Iiskala et al., 2011). Through GM, group members can adjust their collective cognition based on their common goals, addressing lower levels of perceptual difficulties (Hurme et al., 2009).

The role of GM in collaborative learning is evident in various ways. First, its critical importance has been demonstrated, and there is a focus on measuring its impact on learning and behavior. Chalmers define GM as including group planning, monitoring, and evaluation (Chalmers, 2009). Biasutti et al. proposed that GM can be assessed through four dimensions: group cognitive knowledge, planning, monitoring, and evaluation (Biasutti and Frate, 2018). Siegel et al. suggested that GM comprises meta-social awareness, monitoring understanding, and monitoring processes, which develop through acceptance, rejection, and recombination (Siegel, 2012). Zheng et al. described group metacognitive behavior as orientation, planning, executing strategies, monitoring and control, evaluation and reflection, and adaptive metacognition (Zheng et al., 2019). Considering the impact of goals on metacognitive interaction and the need to distinguish among different levels of metacognition, this study conceptualizes GM across four dimensions: group orientation, group planning, group monitoring, and group evaluation. Second, the focus has shifted to enhancing GM to promote collaboration. For instance, Liu et al. reported that social sharing regulation supports the improvement of learners’ GM (Liu et al., 2023). Li et al. discovered that collaboration based on metacognitive regulation is beneficial for enhancing learners’ GM (Li et al., 2023). Socratous and Ioannou (2022) observed that learners in structured courses exhibit higher levels of GM and collaborative learning performance than those in unstructured courses. Structured course group provided direct instruction, significantly increasing GM and improving collaboration quality. In contrast, unstructured course group, although offering more autonomy, did not effectively support learners in developing GM through productive failure. Finally, some studies have investigated how GM improve collaborative learning (Teng, 2020; Uslu and Durak, 2022; Zheng et al., 2019). For example, Teng (2020) explored the effects of GM support on metacognitive awareness and learning performance. Zheng et al. (2019) investigated the impact of group metacognitive scaffolding on group metacognitive behavior and performance. Other studies have examined the influence of GM on learners (Uslu and Durak, 2022).

Existing studies have highlighted the significant role of GM in collaborative learning, primarily focusing on its impact on collaborative learning performance. However, there is limited research on how successful groups engage in GM from a process perspective, particularly in understanding group patterns. Longitudinal research on how the GM changes over time deserves attention (Zheng et al., 2019) to provide targeted support for the GM. Additionally, while some studies examine the group’s metacognitive process from a regulatory perspective, there is a lack of analysis distinguishing levels of metacognitive interactions based on the participants and influencers. For instance, the GM has been explored as a complex shared learning dynamic or coregulation (Olesova et al., 2023). Further research is necessary to comprehend how learners progress toward GM in collaboration (Olesova et al., 2023). Moreover, existing studies have focused predominantly on how traditional statistical methods measure the GM, with some researchers using the chronologically ordered representation diagram for tool-related activity (CORDTRA) to offer initial evidence on how the GM in collaboration changes over time (Socratous and Ioannou, 2019). Therefore, reliable methods capable of analyzing GM in large-scale collaboration datasets are essential for bridging this gap (Liu et al., 2023; Tang et al., 2022).

The purpose of this study is to investigate how multilevel metacognition affects collaborative learning. The study focuses on the effects of different levels of metacognition on group performance, as well as the effects of sequential interactions of other levels of metacognition on group regulation.

Specifically, the study identifies three achievement group categories, revealing the specific effects of each category on group performance. By analyzing the distribution and differences of multilevel metacognition across these categories, the study aims to elucidate how multilevel metacognition influences group regulation. The following questions will be addressed.

This study aimed to investigate how multilevel metacognition influence collaborative learning focusing on the effects of multilevel metacognition on group performance, as well as the effects of sequential interactions of multilevel metacognition on group regulation. Specifically, the study identifies three achievement group categories, revealing the specific effects of each category on group performance. By analyzing the distribution and differences of multilevel metacognition across these categories, the study aims to elucidate how multilevel metacognition influences group regulation. The following questions will be addressed:


RQ1: What is the distribution of multilevel metacognition (IM, IPM and GM), across group categories with varying achievements in collaborative learning, and how it affect group performance?

RQ2: What are the sequential characteristics and patterns of multilevel metacognition across learner groups with different achievements, and how do interactions of multilevel metacognition influence group regulation?
 




2 Materials and methods


2.1 Participants and setting

This study examines online collaborative learning in higher education in China, specifically within the undergraduate course titled “Teaching Media and Technology,” which was offered during the spring semester of 2022. Collaborative learning tasks are the main learning activities and are designed to facilitate group-based design and practical problem solving related to teaching media and technology. Research consent forms were distributed through social media (WeChat) to invite students to participate, resulting in 66 participants. Drawing on prior knowledge, researchers formed 14 heterogeneous groups, each consisting of at least four participants. However, one group withdrew midway due to members’ inability to engage in real-time collaborative tasks. Therefore, 13 groups with a total of 61 participants were included in the analysis.



2.2 Collaborative learning environment and tasks

The online collaborative learning environment is facilitated by Tencent Meeting, which provides features such as text chat, audio and video communication, screen sharing, notes and comments, resource sharing, and collaborative editing. During collaboration, group members initially review task requirements through an online video conference, share their understanding and opinions, confirm goals and tasks, and then allocate tasks. Subsequently, the group gathers collectively shared resources and finalize the group plan. Members then communicate offline to support individual task completion through voice and text chat and upload completed personal tasks. Finally, during the second video conference, members share the status of completion, evaluate and provide suggestions, monitor task progress, negotiate modifications, and ultimately complete the group task. Learners’ collaborative task performance was assessed based on two main components: (1) individual preparation performance (40%), evaluating the completion of the individual task; and (2) group task performance (60%), assessing the completion and quality of the group’s collaborative task. This collaborative task contributes to 20% of the overall course performance.



2.3 Data collection

In this study, computer screen videos were collected to capture data during collaborative learning, with each group producing two video conference records for every task. Groups are more likely to employ GM in more complex learning tasks. Therefore, the fourth collaborative learning task, which involved designing a teaching model using teaching media and technology, was selected for exploring GM. All the groups had no prior experience with the task and possessed similar levels of prior knowledge. Furthermore, following the completion of three collaborative learning tasks, group members became more familiar with each other, improved their utilization of online collaboration platforms, and developed a deeper understanding of effective collaboration. Ultimately, 26 segments, totaling about 20 h video data, were collected (avg: 1.5 h; min: 0.8 h; max: 2.38 h).


2.3.1 Data coding

Based on the literature, we encoded the group metacognitive process (Table 1). It is crucial for researchers to examine the influence of cognition and social experience on learners’ engagement in metacognitive interactions (De Backer et al., 2022) and to characterize the entire collaborative process. We encoded cognition and social behavior to gain a more precise understanding of the group’s metacognitive interaction. The research divides metacognitive interaction into independent segments based on the end of the discussion or interrupted discourse and then encodes the events within each segment. In this study, GM events were defined as the stage at which participants completed collaborative learning tasks, during which participants collectively regulated group cognition based on the group goal. To identify GM, the study conducted the following three preparatory procedures in advance.



TABLE 1 Metacognitive interaction coding framework.
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First, it is essential to distinguish between cognitive codes and metacognitive codes. This study follows Nelsons (1999) ‘relative difference’ criterion, defining ‘metacognitive activities as activities that use information from cognitive activities or control cognitive activities through modification’. For example, “sharing task completion” is encoded as cognitive behavior, while “evaluating task completion” is classified as metacognitive behavior. Social behaviors are coded as other behaviors.

Second, episodes are identified by recognizing the interactive turns in the video. In interactive situations, a turn is typically defined as a continuous unit of communication that starts and ends with one person and transitions with a response from another. For instance, if Person A begins to explain, Person A’s turn starts. If Person B interrupts, this signifies the end of Person A’s turn and the beginning of Person B’s turn. Subsequently, if Person C responds to Person B, it indicates that Person B’s turn has ended and Person C’s turn has started. In the video interaction, a turn occurs when a member’s discourse or actions are interrupted by peers’ discourse or actions (Iiskala et al., 2011). When coding the utterance in a turn, attention was paid to whether the meaning of the utterance was divisible. If it was divisible, it was coded according to its meanings. If it was not divisible, it was coded according to the predominant purpose of its meaning. Typically, a group metacognitive segment comprises three levels of metacognition, two key discourses, and one group consensus. The three levels include the IM, IPM, and GM, which are formed by the support of the first two levels. The two discourses refer to the initiation and suspension or termination of collaborative dialog (Iiskala et al., 2011). A group consensus refers to the participation of more than half of the members in the discussion, leading to a consistent group understanding after the collaborative dialog.

Finally, we focused on the three levels and four events in metacognitive interaction. The three levels refer to individual, interpersonal, and group metacognition (see Table 1). This study primarily discerns the levels of metacognition through participants and influencers in metacognitive interaction. IM involves metacognitive dialog directed toward self-questioning or self-explanation, influencing only the individual learner. ‘I’ is usually used to indicate the subject’s intention. IPM refers to interactions guided by mutual assistance in completing individual tasks involving a guiding or reciprocal relationship between members. Usually, ‘you’, or member names, are used to identify the affected individuals. GM refers to interactions guided by shared goals to form GM and accomplish group tasks. The use of ‘we’ emphasizes group decision-making. The four events include goal setting, planning, monitoring, and evaluation (see Table 1). Two researchers coded the video data (200 turns) based on metacognitive interaction coding framework. Cohen’s kappa value was 0.91 (95%CI: 0.85–0.97, p < 0.001), indicating good agreement (Fleiss, 1981).



2.3.2 Analytical methods

To effectively differentiate learner differences, clusters were delineated using latent profile analysis (LPA). The LPA explains the correlation between explicit indicators by determining potential categories. The optimal number of profiles was determined by the Akaike information criterion (AIC) and Bayesian information criterion (BIC), with smaller values indicating better model selection results. This study used the R package mclust to conduct LPA and determine group categories.

For the distribution of different levels of metacognition within a group of learners and to what extent GM is established (RQ1), this study used descriptive statistics to understand the distribution of different levels of metacognition within a category. One-way analysis of variance (ANCOVA) was also used to assess the impact of GM on students’ collaborative learning performance.

To characterize and identify the sequential features and patterns of metacognitive interaction among learners with different achievements (RQ2), stochastic process analysis was used. Considering the impact of single-method flatness on result accuracy, this study integrates sequence analysis using Lag Sequential Analysis (LSA) via the lagseq package in R (version 4.3.1) to identify key sequence features and sequence mining implementing cSPADE via the arulesSequences package in R (version 4.3.1) to investigate sequence rules and patterns among different categories, complementing the LSA results. LSA is used to analyze the lag effect in behaviors or time series, focusing on the temporal correlation between pairs of events and identifying behavioral characteristics. In contrast, sequence mining reveals relationships between consecutive events, focusing on discovering meaningful patterns to identify frequent rules and patterns in ordered events. Direct and indirect sequential meanings complement each other to support a deeper understanding of sequential dynamics. Specifically, LSA calculates transfer probabilities or frequencies between events by constructing transfer matrices between target events and further tests whether the transitions are significant using z-scores, which indicate significant transitions when z > 1.96. Sequence mining uses algorithms to discover frequent rules or patterns based on support and confidence. Support measures how often a sequence in a frequent rule occurs in the entire set of sequences, while confidence indicates the probability of occurrence of a sub-sequence given that the frequent rule contains a preceding sequence.





3 Results

This study used LPA to categorize the initial groups based on individual preparations and group task performance, resulting in distinct achievement levels. Figure 1 indicates that when the number of categories is 3, the values for AIC (262), BIC (276), and entropy (0.989) are minimized, suggesting a reasonable division. The collaborative learning performance of the different categories is shown in Table 2. Category 1, comprising 20 learners, included four groups. This achievement category exhibited a low score for individual preparation, but the most significant improvement in the group task was achieved through collaboration. Thus, this group was called the high-transactivity collaborative achievement category (H_T category). In Category 2, the scores for both individual preparation and group tasks are higher, signifying effective collaboration among learners in these groups; hence, this group is referred to as the effective collaborative achievement category (EF category) and contains five groups, with 23 learners. Category 3, named the low-transactivity collaborative achievement category (L_T category), had four groups with 19 participants and demonstrated lower scores for individual preparation and group tasks, suggesting ineffective collaboration compared to other learner categories. The Kruskal–Wallis test revealed a significant difference in individual preparation performance between the categories (p = 0.016 < 0.05). However, there was no significant difference in group task performance between the categories (p = 0.131 > 0.05). Post-hoc test using Dunn’s test indicated a significant difference between the EF category and L_T category regarding group task performance. These results suggest that different categories performed differently in the individual preparation, and some of these differences were partially mitigated through group work. This reflects the fact that different categories benefited differently from collaboration. Although overall differences in group task performance were not significant, significant differences existed between particular categories, revealing intra-category heterogeneity. It is essential to understand the dynamics of collaboration within different categories to explain the extent of benefits and the reasons for these differences.
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FIGURE 1
 Category recognition based on group performance.




TABLE 2 Group performance of different categories.
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3.1 The impact of multilevel metacognition on group performance across different group categories

The significance of fostering group metacognition via multilevel interactions has been highlighted. This study investigates how multilevel metacognition influence group performance by examining its distribution and the differences observed across categories with differing achievement. Specifically, we analyzed the frequency and percentage of each encoding to identify metacognitive distribution characteristics and differences at the individual, interpersonal, and group levels of the different categories, as shown in Table 3. The distribution characteristics revealed that all three categories were characterized primarily by IPM. However, the H_T category exhibited the highest frequency of GM (Freq. = 116, Perc = 6.69%), the EF category had the most frequent IPM (Freq. = 1,108, Perc = 60.12%), and the L_T category displayed the highest frequency of IM (Freq. = 343, Perc = 22.11%). Specifically, H_T category showed the most frequent evaluations of individuals and interpersonal levels (IM_E: Freq. = 96, Perc = 26.45%; IPM_E: Freq. = 341, Perc = 32.95%), while EF category exhibited the most frequent monitoring of individuals and interpersonal levels (IM_M: Freq. = 195, Perc = 31.45%; IPM_M: Freq. = 576, Perc = 51.99%). From the perspective of GM development, certain categories show a higher tendency toward GM, which plays a more significant role in their performance, as demonstrated by their higher GM frequencies. The H_T category demonstrated the highest formation of GM, including group orientation, planning, monitoring, and evaluation. The EF category ranked second, especially in terms of group orientation. In contrast, the L_T category exhibited the lowest level of GM, especially in terms of group orientation and planning.



TABLE 3 Distribution of multilevel metacognition (total frequency of means within each category).
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Second, a one-way ANOVA was conducted to examine the effects and variations in metacognitive levels on the performance of various categories. The differences in IM and IPM among the three categories did not significantly differ (IM: F = 0.038, p = 0.963; IPM: F = 0.637, p = 0.549), while the differences in GM were statistically significant (F = 5.6, p = 0.023 < 0.05). Additionally, the effect quantity (η2) was 0.542, indicating a moderate effect, as shown in Table 4. These findings suggest significant disparities in GM across collaborative achievement categories. The results confirm that while IM and IPM are present across categories, they do not significantly account for the variance in group performance. Instead, GM stands out as the key to differentiating high-performing categories (such as H_T category) from lower-performing one. The GM emerges as a crucial determinant of group performance, surpassing the influence of individuals and the IPM. Furthermore, fostering the development of GM has proven beneficial for enhancing group performance within small groups.



TABLE 4 One-way ANOVA results for GM in different categories.
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3.2 Sequential characteristics and patterns of multilevel metacognitive interactions in categories with different achievements

This study used LSA to analyze the sequential characteristics of multilevel metacognitive interactions. To ensure result reliability, transitions with Fre ≥ 12 and z > 1.96 were selected, as shown in Figure 2. Among them, the H_T category exhibited 12 direct transformations, 7 occurring between different levels and 5 occurring within a single level (see Figure 2a). EF category also demonstrated 12 direct transformations, with 9 occurring between different levels and 3 occurring within a single level (see Figure 2b). However, the L_T category generated 10 significant transitions, with 6 occurring between different levels and 4 occurring within a single level (see Figure 2c). All categories showed the highest conversion toward IPM, with GM mainly formed through the IPM. The H_T category displayed greater conversion toward IPM, while the L_T category exhibited a poor correlation between behaviors. Additionally, cognitive sharing primarily facilitates individual monitoring (C → IM_M), while other behavior is typically characterized by its ongoing nature (Ot → Ot).

[image: Figure 2]

FIGURE 2
 Group metacognitive sequential characteristics of different categories.


At the individual level, the H_T category exhibited the transition from individual evaluation to interpersonal evaluation (IM_E → IPM_E), whereas the EF category exhibited the transitions from individual planning to individual monitoring or cognitive sharing, and from individual monitoring to interpersonal evaluation (IM_P → IM_M, IM_M → C and IM_M → IPM_E). In addition, the L_T category exhibited the transitions from individual planning to interpersonal evaluation (IM_E → IPM_E) and from individual evaluation to interpersonal monitoring (IM_P → IPM_M). At the interpersonal level, the H_T category exhibited the following transitions from interpersonal evaluation to group monitoring and evaluation (IPM_E → GM_M, IPM_E → GM_E) while forming the transition from internal planning, monitoring, and evaluation sequences at the interpersonal level (IPM_P → IPM_M, IPM_M → IPM_E). The EF category supports interpersonal planning and goal setting through interpersonal monitoring (IPM_M → C, IPM_M → IPM_P, IPM_M → IPM_O), while reaching agreement through interpersonal evaluation and group evaluation (IPM_E → GM_E). The L_T category exhibited the following transitions from interpersonal planning to interpersonal monitoring and further to group monitoring (IPM_P → IPM_M, IPM_M → GM_M), while interpersonal monitoring also supports individual planning (IPM_M → IM_P). At the group level, the H_T category demonstrated the transition from group evaluation to individual monitoring (GM_E → IM_M) and the transition from group evaluation to interpersonal planning (GM_E → IPM_P), whereas the other categories lacked transitions from GM to other levels. Sequence analysis revealed that transformations occurred mainly between different levels of metacognition, focusing on initiating or directing toward IPM. IM plays a pivotal role in enhancing metacognitive interaction effectiveness. Additionally, transformations originating from GM represent a significant process influencing group transactivity.

This study used cSPADE to mine group metacognitive patterns, as shown in Figure 3, to analyze how learners form GM and explain differences across categories. Each category comprises four or five groups, enabling the identification of commonalities and the establishment of a coherent pattern. The circles in the pattern represent specific events involving learners in the collaborative process. Edge weights within the pattern were determined by transition frequency, and symmetry and local aggregation were calculated based on edge weights to illustrate the optimal cluster structure of micro processes. The background color is used to distinguish between different trends, and the background area reflects the proportion of the trend in the overall pattern. In Figure 3, all three categories develop a group metacognitive pattern centered on interpersonal monitoring and evaluation, including three important behavioral trends: bidirectional transformation between cognitive sharing and individual monitoring, extension of IM to IPM, and a trend toward GM influenced by IPM. H_T category exhibited prominent transitions between IM and IPM, purposefully extending to GM. Individuals in this category actively took responsibility for their own metacognitive processes but also extended this responsibility to the group level. This sustained effort resulted in the emergence of group monitoring and group evaluation (see Figure 3a). EF category spends effort coordinating group activities through interpersonal monitoring. Group members focus on adjusting and achieving each other’s goals, and IM plays a prominent role, particularly in monitoring and planning. This focus on IM leads to strong interactions within and between IM and IPM, ultimately resulting in GM, such as group evaluation (see Figure 3b). Conversely, L_T category dedicates more effort to coordination, with relatively limited efforts in IM, resulting in a low interaction mode guided by IM and IPM without extending to group-level dynamics (see Figure 3c). This finding is consistent with research findings on metacognitive similarity as a marker for identifying group metacognition (Robinson and Gonnerman, 2020). And in contrast to inter-level correlations (Zheng et al., 2023), our findings add new understanding of how metacognitive processes at each level transition and interact across levels in collaborative learning.

[image: Figure 3]

FIGURE 3
 Group metacognitive patterns of different categories.


To identify key transformations in group patterns and understand the rules contributing to metacognitive processes, the study analyzed the frequent sequence rules of different categories, as shown in Table 5. The support level in the table represents the frequency of rules, while the confidence level represents the probability of rules being true. We set the minimum support for frequent rule occurrences to 0.25 and the minimum confidence level to 0.6. All three categories have established rules ranging from individual monitoring to interpersonal monitoring, indicating that individual monitoring triggers interpersonal monitoring. Additionally, interpersonal monitoring is central to group metacognitive patterns, and supporting individual monitoring is vital for activating group metacognitive process. Moreover, all rules are guided by interpersonal monitoring, which plays a crucial role in forming GM. The H_T category formed the most rules, followed by the EF category, while the L_T category had the fewest rules. The interpersonal monitoring rules of the H_T category and EF category are triggered by continuous interpersonal monitoring and planning, suggesting that interpersonal planning may play an important role in forming GM.



TABLE 5 Group metacognitive frequent sequence rules for collaborative categories.
[image: Table5]




4 Discussion and implications


4.1 Interpersonal metacognition is the main theme, but group metacognition is key to influencing collaborative learning

The descriptive analysis supported the findings from previous research. The overall impact of varying levels of metacognition on group regulation and performance across all categories was examined. IPM, particularly interpersonal monitoring, prevails in metacognitive interaction, validating the idea that sharing metacognitive thinking enhances opportunities for group members to engage in metacognitive interactions (Haataja et al., 2022a,b; Iiskala et al., 2021). Furthermore, the greater frequency of interpersonal evaluations aligns with the need for ongoing coordination and calibration among members through evaluations to maintain consistent group understanding during metacognitive interactions (Kwon et al., 2014). Moreover, consistent with the findings of other studies (Järvelä et al., 2021; Stehle, 2022), individual monitoring emerged as the most common individual metacognitive process, indicating that learners activate other levels of metacognition through autonomous monitoring. Additionally, group members are more likely to establish group consensuses through continuous monitoring and evaluation. The emergence of metacognitive similarity as a hallmark of GM (Robinson and Gonnerman, 2020) underscores the potential significance of monitoring and evaluation. While group goals and plans were less frequent, significant disparities were observed between group categories that did and did not engage in these aspects (Hogenkamp et al., 2021). This underscores the potential importance of group goals and plans in shaping the GM, warranting further exploration.

Specifically, significant differences in GM were observed among group categories with varying achievements, indicating GM is crucial to differences in collaborative learning performance. Unlike previous studies that directly examined the correlation between GM and collaborative learning achievement (Liu et al., 2023), this study identified group categories based on differences in individual preparation and group performance. It then analyzed variations in GM under different achievement changes to assess the impact of GM on collaborative learning. Consistent with Liu et al.’s research (Liu et al., 2023), this study also confirmed that GM facilitates learners’ gains from collaborative learning. However, the extent to which learners benefit from collaborative learning is linked to the degree of GM development. Specifically, a higher level of GM corresponds to learners receiving benefits from collaborative learning more easily, as observed in the H_T category in this study. This combined assessment of individual preparation and group task performances focuses on the influence of individuals on the group. GM supports explaining how individual preparation performance relates to changes in group task performance. Additionally, this study aligns with Smith’s research (Smith and Mancy, 2018), further validating that more successful individuals exhibit more metacognitive processes, such as the EF category. Individual preparation performance helps explain the role and actual effects of IM within groups, contributing to our understanding of the in-depth effects of multilevel metacognition on group performance. Multilevel process analysis is necessary to correspond with the hierarchical composition and changes in group performance.



4.2 Differences in individual and interpersonal metacognition support group metacognition in different categories

Based on the sequential interaction of the GM with different levels of metacognition, it has been confirmed that the IM is the foundation of other levels of metacognition (Socratous and Ioannou, 2022). Metacognitive sharing promotes common understanding (Gandolfi et al., 2023), and whether IM promotes metacognitive co-construction is crucial for influencing GM. For instance, at the individual level, H_T category and L_T category interact through metacognitive sharing from individual evaluation to interpersonal evaluation and individual planning to interpersonal monitoring. In contrast, EF category focuses on metacognitive co-construction triggered by self-directed monitoring of individual plans and the co-construction of individual monitoring to control cognitive activities and interpersonal evaluation. The IPM plays a crucial role in shaping the IM and forming the GM. Variations in the process of IPM are a significant factor contributing to different group patterns. For instance, at the interpersonal level, H_T category experiences a transition from planning to monitoring, then to evaluation, and finally to group monitoring or evaluation, thereby establishing a path for GM formation driven by IPM. In contrast, L_T category engages in sharing plans and co-constructing monitoring to group monitoring and individual plans, suggesting that high-performance categories are more inclined to extend interpersonal metacognition to the group level, while low-performance category need to exert effort to adjust IM. Whether GM contributes to differences in collaborative learning performance is a crucial consideration. Only the H_T category experienced a significant shift in GM, impacting IM and IPM, suggesting that GM further promotes metacognition engagement. However, achieving this influence may require external support.

Research indicates that all three group categories develop a metacognitive interaction pattern centered on IPM_M and IPM_E. However, only H_T category and EF category exhibited GM in this pattern. The lack of frequent rules related to the GM may contribute to a lower GM. Specifically, the sequential pattern yields additional insights into how IM and IPM contribute to GM. First, cognitive sharing and IM lay the groundwork for subsequent shifts in trends. While cognitive sharing and individual monitoring create opportunities for metacognitive interactions (Haataja et al., 2022a,b), they come with the caveat of reducing the effort required for social coordination. For instance, within the H_T category and EF category, cognitive sharing and self-monitoring promote participation in metacognitive interactions. In contrast, despite a similar trend in the L_T category, social coordination is needed, and social conflict may exist. Moreover, IM makes additional contributions by helping learners benefit from interpersonal interactions, thus reducing the effort required for GM (Gandolfi et al., 2023). For instance, compared with other categories, EF category generates more IPM through individual planning and evaluation. Second, interpersonal monitoring is the center of the second trend of all categories and is the key to shifting behavioral trends, signifying that group members have the opportunity to develop partial shared understanding through metacognitive co-construction. Finally, high-performing categories support more interpersonal metacognitive co-construction and are more likely to extend IPM to GM. In H_T category, interpersonal monitoring and evaluation consistently lead to group monitoring or evaluation, suggesting more negotiation processes within such groups (Gandolfi et al., 2023). This underscores the positive interdependence, increased metacognitive interactions, and greater team productivity of active metacognitive categories compared with the passive one. However, the pattern lacks representation of the sequence characterization of GM on individuals and IPM, requiring further validation.



4.3 Comprehensive understanding of the development of group metacognition

The statistical analysis, sequential characteristics, and patterns of metacognitive interaction suggest that each collaborative group member’s participation depends on coordinated metacognitive knowledge, monitoring, and control. Learners’ potential metacognitive abilities are realized through group collaboration (Badhe et al., 2023), and their learning outcomes are influenced by GM. Failure to calibrate metacognitive monitoring or control may endanger collaboration and its outcomes (Winne et al., 2013). This can also further explain why interpersonal metacognition among H_T category can activate IM. H_T category learners benefit from IPM by calibrating each other’s metacognition and promoting their metacognitive contributions (Kolić-Vehovec et al., 2022), leading to the construction of GM (Molenaar et al., 2014). In EF category, accurate IM enables effective IPM, promoting the sharing and co-construction of metacognition at the interpersonal level by identifying consistency between metacognitions (Gandolfi et al., 2023) and forming GM. Conversely, in the L_T category, less individual metacognitive participation and increased interpersonal metacognition and coordination did not positively impact the group level metacognition. This may result in poor individual metacognitive accuracy (Haataja et al., 2022a), with the IPM failing to calibrate or activate IM. Additionally, interpersonal metacognitive support may be ignored, resulting in less GM and hindering effective collaboration (Järvelä et al., 2021). This finding underscores the important role of individual metacognitive effort and interpersonal metacognitive alignment in forming GM. Individual metacognitive effort helps establish effective metacognitive interaction, serving as the foundation of GM. Interpersonal metacognitive alignment combines IM and group cognition (Gandolfi et al., 2023), promotes the contribution of IM by group members, and effectively links IM and GM, forming a virtuous cycle. The contribution of IM or IPM to the collaborative group, as well as the impact of GM, may influence what learners gain from collaborative learning (Paans et al., 2019). H_T category benefits individuals and group through metacognitive interactions, while EF category maximizes the impact of metacognitive efforts on individuals through such interactions. In contrast, L_T category either ignore or fail to support sustained metacognitive interactions, leading to improved performance after completing collaborative tasks. This further confirms that GM affects collaborative learning performance.



4.4 Limitations and future research

This research has several limitations. First, the small sample size limits the generalizability and statistical power of the results for detecting group metacognitive pattern effects. Additionally, the data were collected from a large, selective public university and may not represent all college students. Future research should employ a larger sample size and conduct more detailed investigations into how different collaborative learning groups form and develop GM. Second, while the study grouped learners based on their metacognitive levels, it did not analyze their prior knowledge or learning motivation. Due to the mid-academic year of data collection, future research should explore how learners’ individual characteristics affect GM. Third, this study focuses on how different levels of metacognition within a group interact to facilitate GM development. Although the impacts of individual and IPM on GM density were identified, future research could further explore the significance and predictive power of the impact of IM and IPM on GM. This could enable the development of personalized interventions and support. Concurrently, a deeper analysis of individual learner characteristics within the overall group and different group categories is warranted. Additionally, further exploration of how GM translates to IM or IPM is needed. Finally, this study was conducted in a natural collaborative learning environment, and the impact of support tools on GM was not considered. Hence, further exploration is needed to determine whether different support tools affect the GM.




5 Conclusion

The multilevel feature of metacognition significantly influences GM. However, traditional analysis methods often fail to connect multiple levels, limiting insights into how complex collaborative metacognitive interaction processes shape GM. From a methodological perspective, a combined approach using sequence analysis and process mining was used to examine the multilevel features of collaborative metacognitive interactions. The research results preliminarily validate the effectiveness of the coding framework in conceptualizing multilevel metacognition, as well as the significant impact of GM on collaborative learning performance. They emphasize the importance of IPM for GM and the critical role of monitoring and evaluating transitions across the individual, interpersonal, and group levels. IPM plays an important mediating role in promoting students’ metacognitive interaction while using GM. Moreover, it is essential to explore how to support IM more effectively and to understand how individual characteristics may impact on low IM interactions. The positive impact of GM on metacognitive interactions necessitates specific support to optimize these interactions. Additionally, the role of social behavior on group metacognition also deserves further exploration. The group metacognitive pattern can guide educational practice and provide guidance for researchers in the transition of L_T category to H_T and EF categories, as well as provide a basis for supporting researchers in creating H_T category or EF category metacognitive patterns. Moreover, the fusion analysis method proposed in this study mitigates the impact of ontology flatness and method assumptions, enabling researchers to conduct more comprehensive temporal analysis.
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scheduling, time management, and strategy selection
Monitor the task understanding, completion status, and
progress of group members

Evaluate the learning content, process, plan, and

achievements of group members

Discuss group goals and task understanding, acquire
knowledge and beliefs of group members, and activate
group prior knowledge

Develop a plan for group task scheduling, time

‘management, and strategy selection

Monitor group direction, task understanding, task
completion, progress, and collaboration

Evaluate group learning content, process, plan,
achievements, and collaboration.

Share task information, personal task content, repeat task-
related content, describe task processing, explain task
content and extrapolate or summarize task content
Perform social coordination, off-task statements and other

undlassifiable behaviors

Example

“My goal is to improve my instructional design skills and actively
participate in group discussions”

“I plan to complete the portion of the assignment I'm responsible
for by next Wednesday”

“I have realized that the second part of my assignment appears to
lack a clear connection to the task assigned to B

“While I achieved my goals, I realized that my intense focus on
expressing my views occasionally caused me to lose sight of the
groups overall process””

“You need to strengthen your focus on collaborative learning
skills?

“You could complete the case study before beginning the
individual task”

“Is your second part of the assignment in line with the
requirements of the task?”

“You completed the task very well!”

“Our group should learn how to be more efficient while

acquiring knowledge”

“We plan to hold the second phase of discussions next Friday to
confirm the progress of the modifications and enhance the
groups tasks”

“We have basically completed the first stage of discussion and

identified the existing problems.”

“The group goals have been achieved, and our division of labor is

well-organized, but there is a phenomenon of procrast

“The ASSURE model comprises six segments”

“Do not worry, we can talk about it together”
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